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FOREWORD 
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rocket technology is being conducted by t h e  United Ai rc ra f t  Corporation Research 
Laboratories under Contract Ww-847 with the j o i n t  AEC-NASA Space Nuclear Propulsion 
Office. 
(USAF). 
September 15, 1964 and September 15, 1965 are described i n  t h e  following eleven 
r epor t s  ( including the  present r e p o r t )  which comprise the  required t h i r d  Interim 
Summary Technical Report under the  Contract: 
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Report D-910091- 5 

Experimental Invest igat ion of the  Effec t  of Peripheral-Wall 

In jec t ion  Technique on Turbulence i n  an A i r  Vortex Tube 

SUMMARY 

I Z d  3hi;" 
Experiments were conducted t o  invest igate  the  e f f e c t  of the  peripheral-wall  

i n j ec t ion  technique used t o  dr ive an a i r  vortex on the  l e v e l  of turbulence i n  the  
vortex. 
tubes. 
0.182-in.-high s l o t  which extended along the e n t i r e  30-in. length of the  tube. 
In the  second configuration, air was  injected approximately t angen t i a l ly  through 
2144 p o r t s  of 0.060-in. d i a  d i s t r ibu ted  over t h e  surface of t he  per iphera l  w a l l .  
I n  both tubes,  a control led quant i ty  of air was removed through por t s  located a t  t h e  
centers  of t h e  two end w a l l s  or was injected through a porous tube located on t h e  
center l ine  of the vortex; a i r  was a l s o  removed through perforated p l a t e s  i n  the 
per iphera l  wall. 
and root-mean-square ve loc i ty  f luc tua t ions  w e r e  made near t he  per iphera l  w a l l  a t  
three circumferent ia l  s t a t ions  at  one axial loca t ion  ( the  axial midplane). 

Two i n j ec t ion  configurations were t e s t e d  i n  separate  10-in.-dia vortex 
I n  one configuration, a i r  w a s  injected t angen t i a l ly  through a s ingle  

Hot-wire-anemometer measurements of t angen t i a l  ve loc i ty  p r o f i l e s  

The r e s u l t s  indicated t h a t  the  in t e r io r  region of low-turbulence flow was 
l a rge r  f o r  t he  2144-port configuration than for the s ing le - s lo t  configuration. 
This was pr imar i ly  because the turbulent  peripheral  w a l l  boundary layer  was th inner  
f o r  the  2144-port configuration. 



RESULTS 

1. For both in j ec t ion  configurations a t  small and intermediate pos i t ive  values 
of radial Reynolds number (a  measure of the  ne t  quant i ty  of flow passing toward the  
center l ine  of the vortex tube ) ,  the turbulence i n t e n s i t y  ( the  r m s  value of f luc tua t ing  
ve loc i ty  as a percentage of the l o c a l  tangent ia l  ve loc i ty)  decreased from values of 
4% t o  loqb  i n  the peripheral-wall  boundary l aye r  t o  values of less than 2% i n  the 
cen t r a l  flow region out of the boundary layer .  

2. For small and intermediate pos i t ive  radial Reynolds numbers, the volume 
of t he  cent ra l  flow region i n  which the turbulence i n t e n s i t y  w a s  l e s s  than 2% was 
subs t an t i a l ly  la rger  f o r  the 2144-port configuration than f o r  t he  s ing le - s lo t  
configuration. 

3. For both i n j ec t ion  configurations a t  zero and negative values of the  radial 
Reynolds number, t he  absolute rms value of the f luc tua t ing  ve loc i ty  decreased with 
decreasing r a d i u s .  
with decreasing radius ,  the turbulence i n t e n s i t y  decreased much less than a t  pos i t i ve  
r a d i a l  Reynolds numbers, and i n  some cases it increased subs tan t ia l ly .  

However, because of the rapid decrease of t angen t i a l  ve loc i ty  

4. The differences i n  turbulence i n t e n s i t y  between the 2144-port and s ingle-  
s l o t  configurations at  a given rad ius  were subs t an t i a l ly  less a t  zero and negative 
r a d i a l  Reynolds numbers than a t  intermediate pos i t i ve  radial Reynolds numbers. 

5. The wavelength f o r  m a x i m u m  energy per uni t  wave number near the per iphera l  
w a l l  w a s  approximately 1.0 in .  f o r  the s ing le - s lo t  configuration and approximately 
0.1 i n .  for the 2144-port configuration. 
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INTRODUCTION 

Gaseous nuclear rockets a r e  poten t ia l ly  capable of providing values of spec i f i c  
impulse of 2000 t o  3000 sec with thrust-to-weight r a t i o s  grea te r  than unity.  
these performance capab i l i t i e s  w i l l  r e s i l t  i n  an economically a t t r a c t i v e  engine only 
i f  the nuclear f u e l  loss r a t e s  can be reduced subs t an t i a l ly  below the  loss  r a t e s  
which would r e s u l t  from complete U n g  o f t h e  f u e l  and propel lant .  Many d i f f e ren t  
gaseous nuclear rocket concepts, designed to  minimize f u e l  loss r a t e ,  have been pro- 
posed including some which a re  based on the  suspension of gaseous nuclear f u e l  i n  a 
vortex. 
the  turbulence within the  vortex i s  low. 

However, 

In a l l  of these concepts, the fue l  loss rates w i l l  be acceptably low only i f  

The only known d i r e c t  measurements of the turbulence within a vortex tube f o r  
d i f f e ren t  peripheral-wall  i n j ec t ion  techniques a re  reported i n  Ref. 1. 
f igura t ion  s tudied i n  Ref. 1, a l l  of the  flow in jec ted  i n t o  the  vortex tube was 
removed through por t s  at  the  centers of the two end walls. However, s tud ies  conducted 
a t  the  United Ai rc ra f t  Research Laboratories ( R e f .  2) have indicated tha t  the  turbu- 
lence which exists a t  intermediate r a d i i  i n  a vortex tube is  reduced i f  the flow 
passing through the  po r t s  at the centers  of t he  end walls is  less than the  to ta l .  flow 
in jec ted  i n t o  the vortex tube, i. e., i f  a por t ion  of the t o t a l  flow in jec ted  i s  
removed through the  per ipheral  w a l l .  
t e s t s  of Ref. 2 ind ica te  t ha t  the turbulence i s  l e s s  i f  the flow i s  in jec ted  through 
a la rge  number of s m a l l  por t s  than i f  the  flow i s  in jec ted  through a s ing le  s l o t .  

In the  con- 

In addition, dye photographs taken during the 

The object ive of the  invest igat ion reported herein was t o  experimentally deter-  
mine the  l e v e l s  of turbulence associated with two d i f fe ren t  peripheral-wall  i n j ec t ion  
techniques when the  flow removed from the  centers of the end w a l l s  was subs t an t i a l ly  
less than the flow in jec ted  through the peripheral  w a l l .  

3 
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DESCRIPTION OF EQUI'PMEXT AND PROC'EDURES 

Test Equipment and I n s t a l l a t i o n  

Vortex Tubes 

Two a i r  vortex tubes with d i f f e ren t  peripheral-wall  i n j ec t ion  configurations 
Both vortex tubes were driven by the  in j ec t ion  of a i r  were used (Figs. 1 and 2). 

i n  e s s e n t i a l l y  a t angen t i a l  d i rec t ion  along the  w a l l  through the  two d i f f e ren t  
i n j ec t ion  geometries. 

A sketch showing the geometry of the  vortex tube with s ing le-s lo t  i n j ec t ion  i s  
The vortex tube consisted of a cy l ind r i ca l  metal tube, 10 in .  

A i r  was in jec ted  through a 0.182 +0.005-in.-high 
A cont ro l lab le  quant i ty  of 

presented i n  Fig. 1. 
i n  diameter and  30 in .  i n  length. 
i n j ec t ion  s l o t  extending the en t i re  length of the  tube. 
air  was withdrawn through a bypass exhaust screen located i n  the  per iphera l  w a l l  j u s t  
upstream of the in j ec t ion  s l o t .  
thru-flow, was withdrawn through por t s  a t  t he  centers  of  the end w a l l s .  
t e s t s ,  flow was in jec ted  in to  the vortex tube through a porous tube located on the 
center l ine .  
shown i n  Fig. 3a. 
end walls attached. 

In  most t e s t s  t he  remaining flow, designated the 
In some 

An end-view photograph of t he  vortex tube with one end w a l l  removed i s  
Figure 3b i s  a photograph of the vortex tube assembly with the  

A sketch showing the geometry of t h e  vortex tube with 2144-port i n j ec t ion  i s  
shown i n  Fig.  2. This vortex t u b e  consisted of a cy l ind r i ca l  l u c i t e  tube, a l s o  with 
a diameter of 10 in .  and a length of 30 in .  
at tached t o  the outs ide of the  tube t o  form per iphera l  bypass plenums f o r  t he  bypass 
flow. The 10-in.-dia tube w a s  mounted concent r ica l ly  inside another l u c i t e  tube 
which was 14 in. i n  ins ide  diameter and 30 i n .  i n  length,  and which served as an 
in j ec t ion  plenum chamber. A t o t a l  of 2144 in j ec t ion  po r t s ,  0.060-in. i n  diameter, 
were located i n  119 staggered circumferent ia l  rows 0.25 in .  apar t .  The center l ine  
of each in jec t ion  po r t  w a s  a t  an angle of 19 deg r e l a t i v e  t o  a tangent t o  the  inner  
w a l l  of the  vortex tube. A s  i n  the  case of the  s ing le - s lo t  configuration, most of 
the in jec ted  a i r  was withdrawn through the  fou r  per iphera l  bypass exhaust screens.  
The remaining f l o w  w a s  withdrawn through t h e  thru-flow p o r t s  i n  the end w a l l s  i n  the  
same manner as for t he  s ing le - s lo t  vortex tube.  Figure 4 i s  a photograph of the  2144- 
po r t  vortex tube. A de ta i led  descr ip t ion  of t he  2144-port configuration i s  contained 
i n  Ref. 2. 

Four 1.5-in.-wide l u c i t e  channels were 

The same end walls were used with both the  s ing le - s lo t  i n j ec t ion  and the  2144- 
po r t  in jec t ion  vortex tubes. They were smooth l u c i t e  d i sc s  with a 1- in . -dia  hole i n  
the center  for the  removal of the thru-flow. The end-wall thru-flow por t s  permitted 

4 
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amounts of r a d i a l  inflow to be controlled independent of the amount of in jec ted  flow. 
For r a d i a l  outflow tests a porous tube was mounted on the vortex tube cen te r l ine  and 
extended the f u l l  length of t h e  vortex tube. 
d i a  metal cylinder containing a large number of 0.125-in.-dia holes which were covered 
by multiple layers of f iberg las  c loth t o  ensure an approximately uniform outflow of 
a i r  along the  length of the  tube. 

The in j ec t ion  tube consisted of a 0.5-in.- 

Test I n s t a l l a t i o n  

The bypass and thru-flow l i n e s  were connected t o  a vacuum system and room air 
was drawn through the  vortex tube. 
from the  test r i g  so t h a t  any f luctuat ions i n  pressure l e v e l  due t o  the  pump were 
damped out .  
long-radius flow nozzles. 
of  a l l  p a r t i c l e s  grea te r  than 0.1 micron, was posi t ioned i n  the  i n l e t  of the vortex 
tube in j ec t ion  manifold t o  reduce the p o s s i b i l i t y  of hot-wire breakage caused by 
p a r t i c u l a t e  matter i n  the  room air  and t o  reduce dust co l lec t ion  on the  wire. 

The vacuum pump w a s  located approximately 100 f t  

The bypass and thru-flow we igh t  flows were measured w i t h  standard A.S.M.E. 
A Cambridge Absolute F i l t e r ,  which removes a t  least 99.98% 

Hot-wire Anemometer 

The ve loc i ty  and turbulence in t ens i ty  measurements were made using constant- 
temperature hot-wire anemometers. A Thermo-Systems, Inc. Model 1010 Constant- 
Temperature Anemometer was used f o r  t h e  measurements i n  the s ingle-s lo t  vortex tube,  
and a D i s a  Elektronik A/S Constant-Temperature Anemometer w a s  used f o r  the measure- 
ments i n  the 214k-port tube. Both un i t s  have similar operating cha rac t e r i s t i c s  and 
the  accuracy of both i s  l i m i t e d  t o  the accuracy of the anemometer bridge voltmeter. 
When operated with a 0.15-mil-dia tungsten wire the maximum frequency response i s  
~ l jprsx imate iy  50,000 cps, and the output noise  l e v e l  was observed t o  be less than 
0.8 mv ms. 

Both anemometers had d-c voltmeters b u i l t  i n to  t h e i r  c i r c u i t s .  The voltage 
reading e r r o r  was +2$ w i t h  t he  Thermo-Systems, Inc. un i t  and less than +l$ w i t h  the 
D i s a  un i t .  The a-c voltages were measured ex te rna l ly  w i t h  a Ballantine True Root- 
Mean-Square Voltmeter. 
f l a t  response between 50 cps and 3000 cps, w a s  used t o  record turbulence i n t e n s i t y  
spectra .  
data on the magnetic tapes .  

- 
A Magnacorder Model 728 two-channel tape recorder,  with a 

A General Radio Type 1900-A Wave Analyzer was used t o  analyze the  frequency 

Figure 5 shows a t y p i c a l  hot-wire probe used i n  t h i s  study. The probes were 
modified Thermo-Systems, Inc.  type N.T.-28 Boundary Layer Sensors. 
0.062 in .  i n  diameter and 6 in .  i n  length. The sensor (ho t )  wires were of tungsten 
and were 0.15 mil i n  diameter and 0.045 in. i n  length.  
t h e  cen te r l ine  of the probe by 0.25 in .  t o  minimize t h e  e f f e c t s  of the longi tudina l  

They were 

The wires were o f f s e t  from 



boundary l aye r  along the probe (flow induced by t h e  r a d i a l  pressure gradient  i n  the  
vortex flow f i e l d ) .  

Test and Data Reduction Procedures 

For both vortex tube  in j ec t ion  configurations,  t he  desired a i r f low condition w a s  
spec i f ied  i n  terms of t he  in j ec t ion  and r a d i a l  Reynolds numbers. 
nolds number 

The in j ec t ion  Rey- 

w a s  es tabl ished by  s e t t i n g  t h e  i n j e c t i o n  a i r  weight flow,W. 
number (sometimes ca l led  the thru-flow Reynolds number, 

The r a d i a l  Reynolds 
Re,,t , e.g., R e f .  2)  

wTF 
- 2 n P g L  

w a s  es tabl ished independently by s e t t i n g  the  thru-flow weight flow, WTF . 
The conventional heat transfer r e l a t i o n  f o r  a cyl inder  i n  crossflow, as applied 

t o  heated wires, i s  (from R e f .  3) 

Rewriting Eq. (3)  i n  terms of t h e  output of the hot-wire anemometer gives 

where A and B a r e  constants determined by ca l ib ra t ion .  Equation ( 4 )  ind ica tes  t h a t  
t h e  square of the  d-c vol tage output of the anemometer i s  proport ional  t o  t h e  square 
root  of t he  product of the  f l u i d  dens i ty  and ve loc i ty  when the  f l u i d  temperature and 
v i scos i ty  a r e  held constant.  
of  t h e  ca l ibra t ion  da ta  poin ts  from the s t r a i g h t  l i n e  (from Eq. ( 4 ) )  i s  s u f f i c i e n t  to 
cause measured ve loc i ty  e r r o r s  of twelve t o  fourteen percent .  
tiOn i s  concerned pr imari ly  with the shape of t he  ve loc i ty  p r o f i l e s  ra ther  than their 
absolute value,  t h i s  accuracy vas considered acceptable.  

Figure 6 shows a t y p i c a l  ca l ib ra t ion  curve. The departur  

Since t h i s  inves t iga-  

6 



"he turbulence i n t e n s i t y  w a s  calculated from the probe output voltage using 
the r e l a t i o n  (from R e f .  4) 

V' - 4 E e  - -  - 
2 2  '4~ E -E, ( 5 )  

and the  f luc tua t ing  component of the turbulence i n t e n s i t y  w a s  obtained by multiply- 
ing  Eq. ( 5 )  by the measured tangent ia l  velocity,  V+ . 
required f o r  the turbulence i n t e n s i t y  as calculated by Eq. ( 5 ) ,  these values are 
accurate t o  approximately 4$ 
t o  the value of f luc tua t ing  veloci ty .  Large reading e r r o r s  i n  mean ve loc i ty  are 
introduced when the f luc tua t ing  ve loc i ty  (a-c s igna l )  and the mean ve loc i ty  
(d-c signal) are of the  same order of  magnitude due t o  the  a-c s igna l  being sLrper- 
imposed on t h e  d-c s ignal .  

Since no ca l ib ra t ion  i s  

when the value of mean ve loc i ty  i s  la rge  r e l a t i v e  

The turbulence spectrum da ta  were analyzed using a 10 cps bandwidth f i l t e r  a t  
a scanning rate of 0.3 cps/sec. 
number, defined as 

The spec t ra l  data  are presented i n  terms of wave 

27r f  K = -  

and turbulen t  energy per un i t  wave number, defined as 

If the  axis of the hot  wire is  not normal t o  the flow di rec t ion ,  the r i g h t  side 
of  Eq. (4)  must be mult ipl ied by a function of the s ine  of the angle between the 
axis of  the hot  w i r e  and the  d i rec t ion  of flow. 
the probe was aligned properly with the  f low,  it w a s  always ro ta ted  u n t i l  the  
anemometer br idge voltage reached a maximum. 

Therefore, i n  order  t o  ensure t h a t  

Test Conditions 

Radial p r o f i l e s  of ve loc i ty  and turbulence i n  the s ing le - s lo t  vortex tube w e r e  
obtained a t  three measuring s t a t ions  located 90 deg apa r t  around the tube.  
station (Measuring S ta t ion  No. 1) w a s  30 deg downstream from the in j ec t ion  s l o t  (see 

The f i r s t  

7 
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Fig. 1). 
located i n  one quadrant of t h e  tube as shown i n  Fig. 2. The f irst  s t a t i o n  (Measuring 
S ta t ion  No. 1) w a s  posi t ioned midway between the  downstream edge of the  bypass screen 
and the  f i r s t  l i n e  of i n j ec t ion  por t s .  

P ro f i l e s  i n  the  2144-port vortex tube were taken a t  t h ree  measuring s t a t i o n s  

For both tubes, radial  Reynolds number, Re, , 
t o  180 ( r a d i a l  inflow).  
been withdrawn through the  thru-flow duct, t h e  r a d i a l  Reynolds number would have been 
1.170. The inject ion Reynolds number was held constant a t  R e + , i  = 1.9 x lo5 f o r  t h e  
s ing le - s lo t  vortex tube and at R e  = 2.2 x 105 f o r  t he  2144-port vortex tube.  

It was  observed from dye pa t t e rns  i n  water vortex t e s t s  of t he  type described 
i n  R e f .  2 t ha t ,  when probing r a d i a l l y  in to  the  flow from the  per iphera l  w a l l ,  a r a d i a l  
inflow boundary l aye r  formed along the  length of t he  probe. This e f f e c t  appeared when 
the  probe was inse r t ed  i n t o  the  vortex a dis tance g rea t e r  than about 0.75 in .  t o  1 in .  
from the  peripheral  wall. I n  the  present inves t iga t ion ,  t h e  inflow boundary l aye r  
along the probe would cause the measured turbulence i n t e n s i t y  t o  be higher than the  
a c t u a l  value i n  t he  i n t e r i o r  region of t h e  vortex. &cause the  e f f e c t  of t h e  probe 
wake on t h e  magnitude of t he  measurements i s  not known, f e w  da t a  (except f o r  t he  
r a d i a l  outflow case) were taken a t  r a d i i  less than 4.0 in .  where t h i s  wake e f f e c t  
w i l l  be most important. 
a f fec ted  as severely because the  radial pressure gradient  i s  too  s m a l l  t o  cause 
the  probe wake t o  f a l l  r a d i a l l y  inward i n t o  the  v i c i n i t y  of the hot wire. 

was varied from -26 ( r a d i a l  outflow) 
If a l l  of t he  flow in j ec t ed  through the per iphera l  wall had 

t ,  j 

In  the r a d i a l  outflow case t h e  measurements are not 

DISCUSSION OF RESULTS 

Results for Single-Slot In j ec t ion  Configuration 

The effects of r a d i a l  Reynolds number on the  t angen t i a l  ve loc i ty  p r o f i l e s  a t  
Measuring Stat ion Nos. 1, 2 and 3 are shown i n  Figs .  7, 8 and 9 ,  respect ively.  The 
general  increase i n  t h e  l e v e l  of the t angen t i a l  v e l o c i t i e s  towards the  center  of 
t h e  tube with increasing r a d i a l  Reynolds number ind ica tes  increasing vortex s t rength ,  
i . e . ,  flow conditions approaching those of a t r u e  vortex ( v CC l i t - ) .  
s is tence of  the in j ec t ion  j e t  near the  wall i s  apparent; the  high-velocity region i s  
only s l i g h t l y t h i c k e r  than t h e  0.182-in. i n j e c t i o n  s l o t  height .  A t  S t a t ion  Nos. 2 and 
3 (Figs.  8 and 9)  the j z t  boundary layer  has thickened r e l a t i v e  t o  t h a t  f o r  S t a t ion  
No.  1. 
-peripheral bypass screen, t h e  boundary l aye r  may grow t h i c k e r  than it  was a t  
S ta t ion  No. 3. For radial outflow, 
ciecreases t o  approximately 2.5 f t / s e c  a t  

I n  Fig. 7 the  per -  4 

In  the remaining por t ion  of the  vor tex  tube between S ta t ion  No. 3 and the  

Re ,  = -26 (Fig.  9), the  tangent ia l  v e l o c i t y  
r = 3.0 i n .  This r e s u l t  i s  cons is ten t  

8 
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with v i s u a l  observations of dye pz t t e rns  in vor tex  tubes which f o r  t h i s  flow con- 
d i t i on  ind ica te  a vortex core region c f  very low t angen t i a l  ve loc i ty  ( R e f .  2) .  

The ccrresponding e f f e c t s  cf r a d i a l  Reynolds number on the  turbulence i n t e n s i t y  
p r o f i l e s  a t  S t a t ion  Nos. 1, 2 2nd 3 are shown i n  F igs ,  10, 11 and 12, respect ively.  
Note i n  Fig. 10 t h a t  the turbulence l e v e l  i s  high near the pe r iphe ra l  w s l l  b u t  
decreases with r z d i a l  dis tance inward. 
number g rea t e r  than 0), the  turbulence leve l  decreases t o  approximately 1.5% a t  e 
dis tance of 1.0 i n .  from the pe r iphe ia l  wall, while it s t a b i l i z e s  a t  approximately 
4% for a r a d i a l  Reynolds number of 0. 
curve occurs a t  approximately 
boundary l a y e r  (see Fig.  7).  
t h e  percent  turbulence decreases as the  ve loc i ty  increases  toward t h e  peek of t he  
j e t  (Fig. 7). 

For r a d i a l  inflow (i .e., r a d i a l  Reynolds 

Note t h a t  the  peak i n  t h e  percent  turbulence 

Proceeding from t h i s  peak toward the  per iphera l  w a l l ,  
r = 4.75 in. ,  which i s  near t h e  inner  edge of t h e  

Figure 11 shows the  e f f e c t  of radial  Reynolds number on the turbulence i n t e n s i t y  
a t  S ta t ion  No. 2. 
twice i t s  value a t  S ta t ion  No.  1 (Fig.  10) but  decreases very r ap id ly  t o  1.5% at  
r = 4.0 i n .  for cases with r a d i a l  inflow (Re ,  > O ) .  The percent  turbulence f o r  

Re, = 0 again s t a b i l i z e d  between 4% and 5$. The turbulence i n t e n s i t y  i s  high i n  
t h e  region near  t he  w a l l  a t  t he  ou te r  edge of the boundary l aye r  but  shows no hump 
i n  the  curve a t  t h e  inner  edge of the boundary layer .  

Very close t o  the  per iphera l  wall the turbulence i s  approximately 

Figure 12 shows similar turbulence in t ens i ty  p r o f i l e s  a t  S ta t ion  No.  3. For 
radial inflow t h e  resul ts  a t  t h i s  s ta t ion  are  similar t c  the  r e s u l t s  at S ta t ion  
No. 2. 
w a l l  i s  approximately the  same as for  r a d i a l  inflow and decreases with increas ing  
distaiice fi-orn tile w a i i  u n t i i  it i s  a minimum a t  
13% a t  approximately r = 3.5 in .  
t h e  turbulence i n t e n s i t y  decreases cont inual ly  w i t h  increased dis tance from the 
pe r iphe ra l  w a l l  fo r  a l l  Reynolds numbers. However, f o r  r a d i a l  outflow the  f luc -  
t u a t i n g  v e l o c i t y  a t  
i t y  (Fig. 9)  so that l a rge  experimental e r rors  might e x i s t  fo r  these  da ta  poin ts  
(see Test and Data Reduction Procedures sect ion) .  

For r a d i a l  outflow ( R e ,  = -26), the percent  turbulence near t h e  per iphera l  

r = 4.40 in.; it then increases  t o  
Note i n  t he  upper p l o t  t h a t  t h e  absolute  value of 

r = 3.0 in .  i s  almost one - f i f th  2s l a rge  as the t angen t i a l  v e h c -  

Figure 13 shows a comparison of the turbulence i n t e n s i t y  p r o f i l e s  a t  S ta t ion  
Nos. 1, 2 and 3 a t  a r a d i a l  Reynolds number of 100. These curves i l l u s t r a t e  the  
e f f e c t  of d i s t ance  downstream of  t he  in jec t ion  s l o t  on the  turbulence l e v e l .  Very 
c lose  t o  t h e  pe r iphe ra l  w a l l  t h e  turbulence level  increases  with downstream dis tance.  
A s  dis tance  from the  per iphera l  w a l l  increeses,  the turbulence l e v e l  becomes r e l a -  
t i v e l y  i n s e n s i t i v e  t o  downstream d i s t m c e .  

Figure 14 i l lus t ra tes  the e f f e c t  o f  a change i n  radius c lose t o  the  w a l l  c;n the  
s p e c t r a l  d i s t r i b u t i o n  of tu rbulen t  energy. The % l i d  curve i s  for r = 4.875 in.  
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and t h e  dashed curve i s  f o r  r = 4.25 in .  
energy i s  concentrated i n  longer wavelengths than a t  a dis tance of 0.75 in .  from the  
wall. 
probably due t o  e longat ion of the  eddies caused by w a l l  shear.  
t h e  eddies  are more spher ica l  and consequently have a sho r t e r  wavelength i n  the  d i rec-  
t i o n  of t h e  mean flow. The wavelengths i n  which the  energy of t h e  eddies  i s  concen- 
t r a t e d  a t  t h e  inner radius  of 4.25 i n .  a r e  i n  the  neighborhood of  0.2 in . ,  which i s  
approximately three probe diameters (Fig.  5) .  
i n  t h i s  spectrum some of the indicated turbulence i s  caused by the probe wake. 

Close t o  the per iphera l  w a l l  the  turbulen t  

According t o  R e f .  5, t h e  longer wavelengths near the  per iphera l  wall a r e  
Away from the  w a l l  

Hence it i s  poss ib le  t h a t  near the  peak 

Results f o r  2144-Port In j ec t ion  Configuration 

Figure 1 5  shows the e f f e c t s  of r a d i a l  Reynolds number on the  t a n g e n t i a l  ve loc i ty  
p r o f i l e s  a t  S ta t ion  No. 1. Note t h a t  t h e  boundary l aye r  a t  t h i s  s t a t t o n  i s  very t h i n  
due t o  t h e  removal of  a por t ion  of t he  boundary l aye r  by the  per iphera l  bypass screen 
j u s t  upstream of t h e  measuring s t a t i o n  and due t o  the  d i s t r i b u t e d  blowing. 
e f f e c t s  of  radial  Reynolds number on the  t angen t i a l  ve loc i ty  p r o f i l e s  a t  S ta t ion  
Nos. 2 and 3 are shown i n  Figs .  16 and 17, respec t ive ly .  
thickness  shown i n  Figs.  1 5  through 17 a r e  considerably smaller than those f o r  
s ing le - s lo t  i n j ec t ion  shown i n  Figs.  7 through 9. Again, as i n  the  case of t he  
s ing le - s lo t  in jec t ion  configuration, the t a n g e n t i a l  ve loc i ty  prof i le  f o r  r a d i a l  
outflow ( Re, = -26; Fig. 16) drops t o  approximately 2.5 f t / s e c  a t  
ind ica t ing  the  exis tence of a core region of very low t angen t i a l  ve loc i ty  which has 
been observed in  dye pa t t e rns  i n  water-vortex flows (Ref. 2 ) .  

The 

The t o t a l  boundary l aye r  

r = 3.0 in . ,  

The e f f e c t  of r a d i a l  Reynolds number on t h e  turbulence i n t e n s i t y  p r o f i l e s  a t  
S ta t ion  No. 1 is shown i n  Fig.  18. 
mately 4.5% near the  per iphera l  wall but  decreases r ap id ly  t o  1.5% with r a d i a l  d i s -  
tance inward. For 
4% outs ide  r = 4.0 i n .  but  increases  a t  radi i  l e s s  than  This general  
behavior i s  similar t o  t h a t  observed f o r  the s i n g l e - s l o t  i n j e c t i o n  configurat ion 
(Figs .  10, 11 and 12) .  
adjacent t o  the pe r iphe ra l  w a l l  bu t  decreases very  r ap id ly  t o  approximately 0.5% a t  

the  turbulence p r o f i l e  i s  approximately the  same as fo r  
S ta t ion  No. l e x c e p t  within 0.2 in .  of the p e r i p h e r a l  w a l l  where t h e  turbulence 
l e v e l  i s  higher. 
11% near  the  per ipheral  wal l  and decreases wi th  increased d is tance  from the  w a l l  
t o  
Note t h a t  t h e  absolute value of t he  turbulence i n t e n s i t y  decreases cont inua l ly  w i t h  
increased distance from the  pe r iphe ra l  w a l l  as it did f o r  the  s ing le - s lo t  COnfigUra- 
t i on .  Again, it should be noted t h a t  the  p o s s i b i l i t y  of experimental  e r r o r  i s  
increased when the  value of the  f luc tua t ing  v e l o c i t y  approaches the  value of the  
t angen t i a l  ve loc i ty  as it does i n  the  low-velocity core region f o r  
Test and Data Reduction Procedures sec t ion ) .  

The turbulence level  f o r  r a d i a l  inflow i s  approxi- 

R e ,  = 0, t h e  percent  of  turbulence i s  approximately constant a t  
r = 4.0 in .  

The turbulence l e v e l  a t  S t a t i o n  No. 2 (Fig.  19) i s  very high 

f = 4.2 i n .  For  Re, = 0 

For r a d i a l  outflow ( R e ,  = -26), t h e  percent  turbulence i s  over 

r = 3.25 i n .  r = 4.2 i n . ,  where it i s  a minimum, and then  increases  t o  12% a t  

Re, < 0 ( see  
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Figure 20 shows the e f f e c t  of r ad ia l  Reynolds number on the turbulence i n t e n s i t y  
at S ta t ion  No. 3. Close t o  the peripheral  w a l l ,  the percent turbulence i s  approxi- 
mately 6.5$, which i s  almost half the corresponding value a t  S ta t ion  No. 2. For 
r < 4.25 in., the turbulence p ro f i l e s  a t  a l l  Reynolds numbers are similar t o  t h e  

corresponding p r o f i l e s  a t  S ta t ion  Nos. 1 and 2. 

Figure 21 shows a comparison of the  turbulence i n t e n s i t y  p r o f i l e s  a t  S ta t ion  
Nos. 1, 2 and 3 f o r  a radial Reynolds number of 100. The curves i l l u s t r a t e  t h e  
e f f e c t  of downstream distance along the per ipheral  w a l l  on turbulence l eve l .  Near 
the per iphera l  w a l l ,  t he  turbulence level increases  from Sta t ion  No. 1 t o  S ta t ion  
No. 2, and then decreases s l i g h t l y  t o  Stat ion No.  3, which i s  immediately downstream 
of an in jec t ion  port. 
t i v e l y  in sens i t i ve  t o  downstream distance.  

Further from t h e  per ipheral  w a l l  t he  turbulence level i s  rela- 

The e f f ec t  of r a d i a l  pos i t ion  on the  s p e c t r a l  d i s t r ibu t ion  of turbulent  energy 
i s  shown i n  Fig. 22. Radial  pos i t ion  has very l i t t l e  e f f e c t  on the wavelength f o r  
maximum energy concentration, although the r a d i a l  Reynolds number does a f f e c t  t he  
absolute in t ens i ty .  A t  r = 4.75 i n .  the peak energy occurs a t  a wavelength of 
approximately 0.1 in., and at  
mately 0.06 in .  

r = 4.25 i n .  the peak has shif ted s l i g h t l y  t o  approxi- 

Comparison of k s u l t s  for Single-Slot and 
2144-port Inject ion Configurations 

Figure 23 shows a comparison of  the tangent ia l  ve loc i ty  p r o f i l e s  a t  S ta t ion  
I 

Nos. 1, 2 and 3 for the s ingle-s lo t  and the 2144-port i n j ec t ion  configurations,  
r ' o r , t he  s ing le - s lo t  configuration the thickness of the  peripheral-wall  boundary 
l aye r  increases  w i t h  increased circumferential  dis tance from the  in j ec t ion  s l o t  so 
t h a t  a t  S ta t ion  No. 3 the boundary l aye r  occupies approximately the outer  0.5 i n .  of  
t n e  tube. In the  remaining circumferential  dis tance between S ta t ion  N o .  3 and the 
per iphera l  bypass screen, the  boundary layer would be expected t o  thicken consider- 
ably. 
w a l l  boundary layer  i s  considerably smaller f o r  the 2144-port i n j ec t ion  configuration 
than f o r  the s ingle-s lo t  configuration. 

- 

It can be seen that the  f r a c t i o n  of t h e  vortex tube occupied by the per ipheral-  

Figure 24 shows averages of the percent turbulence corresponding t o  the  flow 
conditions o f  Fig. 23 f o r  the two vortex in jec t ion  configurations. These curves 
are based on ar i thmetic  averages of the  measurements a t  the three  measuring s t a t ions  
i n  each tube. It should be pointed out t h a t  the curve f o r  the s ing le - s lo t  i n j ec t ion  
configurat ion i s  probably lower than the true average f o r  the e n t i r e  tube because 
no measurements were made around near ly  half of the circumference of the vortex ' tube 
(between S ta t ion  No. 3 and the per iphera l  b y p a s s  screen; see sketch i n  Fig. 23). 
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Hence, t h e  th ickes t  por t ion  of the  boundary l aye r  w a s  not included i n  the averaging 
process.  
average turbulence i n  the tube because the measuring s t e t i o n s  cover a l a rge  percentage 
of a representat ive quadrant. 
of t he  uncertainty of averaging i n  t h e  region of the  boundary layer .  It can be seen 
i n  Fig.  24 t h a t  t h e  2144-port configuration w a s  considerably l e s s  tu rbulen t  than the  
s ing le-s lo t  configuration throughout the  region surveyed. 

The curve for t h e  2144-port configuration i s  a good indica t ion  of t he  t r u e  

The curves are dashed near t h e  per iphera l  w a l l  because 

The e f f e c t  o f  r a d i a l  Reynolds number on the t angen t i a l  ve loc i ty  a t  r = 4.5 in .  
i s  shown i n  Fig. 25. The la rge  difference between the  curves a t  S ta t ion  Nos. 1 
and 2 and Stat ion No. 3 for  the  s ing le - s lo t  i n j ec t ion  configurat ion i s  caused by 
the th i ck  boundary layer extending inward t o  t h i s  radius  a t  S ta t ion  No. 3 f o r  
some Reynolds numbers. 
d i f f e r e n t  a t  the t h r e e  measuring s t a t i o n s  because the  boundary l aye r  does not extend 
inward t o  r = 4.5 in.  (see Fig.  23).  
a t  r = 4.5 i n .  for the  same flow condi t ions as i n  Fig.  25. A t  t h i s  radius ,  i n j ec t ion  
technique shows a strong e f f e c t  on the  turbulence l e v e l  f o r  r a d i a l  Reynolds numbers 
l a r g e r  than 25; a t  these  r a d i a l  Reynolds numbers the  2144-port configurat ion i s  markedly 
l e s s  tu rbulen t  than t h e  s ing le - s lo t  configuration. Again, it should be noted t h a t  the  
curve f o r  t h e  s ing le-s lo t  configuration was averaged i n  the  same manner as f o r  Fig.  24 
so t h a t  t he  turbulence values shown are probably lower than the t r u e  average f o r  t he  
e n t i r e  tube.  

The curves f o r  t h e  2144-port configurat ion are not s ign i f i can t ly  

Figure 26 shows average percent  turbulence da ta  

Figure 27 shows a comparison of t he  energy spec t ra  f o r  the  s ing le - s lo t  and 
2144-port configurations a t  S ta t ion  No. 2 and a rad ius  of 4.75 i n .  
of m a x i m u m  energy s h i f t e d  from approximately 1 in .  f o r  the s ing le - s lo t  configurat ion 
t o  approximately 0.1 in .  f o r  t he  2144-port configurat ion.  This d i f fe rence  i n  t u r b u -  
lence spectrum would have a correspondingly la rge  inf luence on the  turbulen t  trans- 
p o r t  p roper t ies  of the flow. This apparent ly  accounts f o r  t h e  major d i f fe rences  i n  
dye p a t t e r n s  reported i n  Ref. 2 f o r  these  two i n j e c t i o n  configurat ions.  

The wavelength 

Figure 28 shows a comparison of t y p i c a l  t angen t i a l  ve loc i ty  p r o f i l e s  f o r  the  
two i n j e c t i o n  configurations a t  a r a d i a l  outflow Reynolds number of -26. 
boundary layer f o r  t he  s ing le - s lo t  configurat ion i s  approximately twice as th i ck  
as f o r  the  2144-port configuration. Note t h a t  t he  t a n g e n t i a l  ve loc i ty  i s  very 
near ly  zero at r = 2.5 in .  This r e s u l t  i s  cons is ten t  with f low-visual izat ion tes t s  
of these  configur&tions (Ref. 2 )  which have ind ica ted  the  exis tence of an inner  
region of very LJW tangen t i a l  ve loc i ty .  The turbulence i n t e n s i t i e s  f o r  t h i s  radial 
outflow condition are compared i n  Fig.  29. These curves show less inf luence of 
i n j ec t ion  technique on turbulence l e v e l  than for  rad ia l  inflow. 
r a d i a l  outflow a l a r g e r  f r a c t i o n  of t h e  t o t a l  turbulence i s  determined by the  i n t e r i o r  
region of the  vortex flow, compared with i t s  cont r ibu t ion  f o r  rad ia l  inflow. 

The 

It appears t h a t  f o r  
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I n  summary, f o r  r a d i a l  inflow, t h e  volume of flow with a turbulence l e v e l  l e s s  
than 2$ was subs t an t i a l ly  l a r g e r  f o r  the 2144-port i n j ec t ion  configuration than f o r  
the s ingle-s lo t  configuration. Perhaps more important, turbulence spectra  ind ica te  
t h a t  the  size of the eddies associated w i t h  the peak turbulence i n t e n s i t y  a re  an 
order  of magnitude smaller i n  the 2144-port configuration; t h i s  would be expected t o  
r e s u l t  i n  lower values of eddy d i f fus iv i ty  and eddy v i scos i ty  f o r  t h i s  configurntian.  
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LIST OF SYMBOLS 

A 
1 

W 
d 

e 

E 

F , (k) 
11 

h 

f 

9 

k 

k f  

L 

Nu 

r 

rt 

R 

I R e  

Constants (Eq. (4)) 

Total  area of i n j ec t ion  s lot  o r  po r t s  a t  per iphera l  wall, ft2 

Constants (Eq. ( 3 ) )  

Diameter of hot-wlre, 0.15 m i l  

rms of f luc tua t ing  output of hot-wlre anemometer, mv 

Output of hot-wire anemometer, v o l t s  d-c 

Output of hot-wire anemometer a t  zero veloci ty ,  vo l t s  d-c 

Turbulent energy per unit wave number, in.3/sec 2 

Heat t r ans fe r  coeff ic ient ,  Btu/hr-ft2-deg F 

Frequency of ve loc i ty  f luctuat ion,  cycles/sec 

Gravi ta t ional  constant, 32.2 f t / sec  2 

-1 Wave number, ( i n . )  

Thermal conductivity of environment f lu id ,  Btu/hr-ft*-deg F 

Length of vortex tube, 2.5 f t  
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0-910091- 5 FIG. 3 

PHOTOGRAPHS OF VORTEX TUBE WITH SINGLE-SLOT INJECTION 
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PHOTOGRAPHS OF HOT WIRE PROBE 

END VIEW 
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0.045 IN. -G 
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t L 0.25  IN.  

21 



0-910091-5 

TYPICAL HOT-WIRE ANEMOMETER CALIBRATION CURVE 
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EFFECT OF RADIAL REYNOLDS NUMBER 

ON TANGENTIAL VELOCITY PROFILES AT STATION N0.I 
FOR SINGLE- SLOT INJECTION 
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FIG. 8 
EFFECT OF RADIAL REYNOLDS NUMBER 

ON TANGENTIAL VELOCITY PROFILES AT STATION N0.2 
FOR SINGLE- SLOT INJECTION 
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EFFECT OF RADIAL REYNOLDS NUMBER 

ON TANGENTIAL VELOCITY PROFILES AT STATION N0.3 
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EFFECT OF RADIAL REYNOLDS NUMBER ON TURBULENCE 
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EFFECT OF RADIAL REYNOLDS NUMBER ON TURBULENCE 
INTENSITY PROFILES AT STATION NO. 3 FOR SINGLE-SLOT INJECTION 
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COMPARISON OF TURBULENCE INTENSITY PROFILES 

AT RADIAL REYNOLDS NUMBER OF 100 
AT STATIONS NO.1, N0.2, AND N0.3 FOR SINGLE-SLOT INJECTION 
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EFFECT OF RADIAL REYNOLDS NUMBER ON ENERGY 
SPECTRUM AT STATION NO. 2 FOR SINGLE-SLOT INJECTION 
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0-910091-5 FIG. 15 

EFFECT OF RADIAL REYNOLDS NUMBER 
ON TANGENTIAL VELOCITY PROFILES AT STATION N0. I  

FOR 2144 - PORT INJECTION 
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EFFECT OF RADIAL REYNOLDS NUMBER 
ON TANGENTIAL VELOCITY PROFILES AT STATION N0.2 

FOR 2144 - PORT INJECTION 
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EFFECT OF RADIAL REYNOLDS NUMBER 
ON TANGENTIAL VELOCITY PROFILES AT STATION N0.3 

FOR 2144 - PORT INJECTION 
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0-910091-5 FIG. I6 

EFFECT OF RADIAL REYNOLDS NUMBER ON TURBULENCE 
INTENSITY PROFILES AT STATION NO. I FOR 2144- PORT INJECTION 
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EFFECT OF RADIAL 
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D-910091-5 FIG. 20 

EFFECT OF RADIAL REYNOLDS NUMBER ON TURBULENCE 
INTENSITY PROFILES AT STATION N0.3 FOR 2144 - PORT INJECTION 
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JET VELOCITY, V i  = 89 FT/SEC 
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D-910091-5 FIG. 21 

COMPARISON OF TURBULENCE INTENSITY PROFILES 

AT RADIAL REYNOLDS NUMBER OF 100 
AT STATIONS NO.1, N0.2, AND N0.3 FOR 2144-PORT INJECTION 
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EFFECT OF RADIAL REYNOLDS NUMBER ON ENERGY 
SPECTRUM AT STATION NO. 2 FOR 2144 - PORT INJECTION 
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COMPARISON OF AVERAGE SINGLE- SLOT - INJECTION AND 
2144-PORT- INJECTION TURBULENCE INTENSITY PROFILES 

AT RADIAL REYNOLDS NUMBER OF 100 

NOTE: CURVES ARE BASED ON ARITHMETIC AVERAGE OF DATA FOR THREE MEASURING STATIONS 
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EFFECT OF RADIAL REYNOLDS NUMBER ON TANGENTIAL VELOCITY 
FOR SINGLE-SLOT INJECTION AND 2144- PORT INJECTION 

AT A RADIUS OF 4.5 IN. 
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COMPARISON OF SINGLE-SLOT INJECTION AND 2144- PORT INJECTION 
ENERGY SPECTRA AT STATION N0.2,  RADIUS OF 4.75 LN., 

AND RADIAL REYNOLDS NUMBER OF 100 
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